Since the equivalent carrier frequency is reduced greatly, the proposed method is capable of obtaining the accurate parameter estimates and resolving the problem of ambiguity which invalidates Keystone transform. It is search-free and can compensate the range walk of multiple targets simultaneously, thereby reducing the computational burden. The effectiveness of the proposed method is demonstrated by both simulated and real data.
Introduction
In the complicated modern warfare, the reliable detection of multiple ground moving targets, the acquisition of the estimates of motion parameters, and the re-positioning and imaging of targets are crucial to the achievement of information dominance and have received increasing attention in the radar imaging community [1] [2] [3] [4] [5] . Efficient and precise parameter estimation for the signal is a key point It can obtain accurate parameter estimates without using any searching operation, however, the estimated range of the frequency and chirp rate are     respectively, where T is the pulse repetition time. The parameters of slow moving targets are located in the corresponding interval, and the accurate parameter estimates can be obtained by LVT. However, the parameters of fast moving targets may be out of the range of the LVT estimator, which means that the estimates of LVT are the mapping of the real value in the corresponding principal value interval. This paper is aimed at proposing an efficient and accurate parameter estimation method for fast moving target to resolve the aforementioned problem. This method first transforms the received echo into the range frequency domain and then constructs two sub-band signals with different central frequencies. After that, the two signals are shifted by different values and a new synthetic signal is constructed by multiplying one with the conjugate of the other. Finally, Keystone transform and LVT processing are performed on the synthetic signal to attain the estimates. Since the equivalent carrier frequency is reduced greatly, the proposed method is capable of obtaining the accurate parameter estimates and resolving the ambiguity problem which invalidates Keystone transform, especially in the special case when the ambiguity number splits into two numbers.
The remainder of this paper is organized as follows. The signal modeling is given in Section II.
The proposed motion parameter estimation approach, namely SDFC-LVT, together with the detailed performance analysis and flowchart of the proposed scheme, are presented in Section III. The performance investigation is given in Section IV. We draw conclusion in Section V, with Appendix appearing in the final Section.
II.
Signal modeling
Suppose that there are K targets in the scene. For simplicity, this section derives the signal model of target k . The relevant formulas are valid for other targets due to linearity. The radar usually adopts LFM waveforms, which is expressed as
where  is the fast time, that is, the range time,
is the slow time, N is the number of coherent integrated pulses, ( ) a x is the window function and equal to one (for 1 2 x  ) or zero (otherwise), p T is the pulse width, c f is the carrier frequency and  is the chirp rate.
Neglecting the high-order components and the change of range within the pulse repetition time, the instantaneous range between radar and the k th target satisfies
where 0k R is the initial range from radar platform to the k th target, 0k v and 0k a are the radial velocity and the radial acceleration between the target and radar. For SAR-GMTIm system, the instantaneous range can be expressed as [21] 
where ak v and ck v denote along-track and cross-track velocities with projection on the plane of imaging, respectively, and V denotes the velocity of platform.
The received signal after down conversion can be expressed as [22] 
where 0k  is the complex reflectivity of the k th target, 
where B is the signal bandwidth.
where
It should be noted that if we apply LVT to the azimuth signal directly, inaccurate or erroneous estimation of LVT processor may be introduced especially in low signal-to-noise ratio (SNR) scenario, due to the spread energy of the moving target along the range and the azimuth direction. Therefore, the range migration should be corrected first using Keystone transform [23] [24] [25] [26] . Besides, the parameters of targets might be out of the range of LVT estimator; therefore, we should also resolve this problem.
III. The proposed method
In what follows, a novel method based on sub-band dual-frequency conjugate processing will be introduced to estimate the parameters for multiple fast moving targets precisely. The detailed process can be achieved as follows.
A. Derivation
First, the range spectrum is divided into two parts and two sub-band signals are constructed, as shown in Fig.1 
It can be seen from (9) that, the equivalent carrier frequency of the signal 
After the aforementioned pre-processing, Keystone transform [23] [24] [25] [26] and LVT [19, 20] operation are performed on the constructed signal (shown in (9) ) in the range dimension and azimuth dimension, respectively, to attain the estimates. And the input parameter pair of the LVT estimator turns into
To ensure the accurate parameter estimates can be obtained, the following inequality should hold:
The range of velocity and acceleration obtained by the LVT estimator without and with using the proposed method are shown in Fig.2 . The left oblique line denotes the output range of LVT estimator without using the proposed method. After applying the proposed method, the range of parameters expands to the region indicated by the right oblique line. 
B. Analysis of the Cross-term
Following the aforementioned processing, each target is completely accumulated and corresponding to a sole peak in the velocity-acceleration distribution plane. This will benefit the estimation of the velocity and the acceleration. However, the cross-term appears between different targets and may influence the precision of parameter estimates. Thus, we analyze characteristics of the cross-term below. According to the definition of the synthetic signal, the cross-term can be denoted as
The signal
comp cross s t  in the range frequency and azimuth time domain is formulated as 
It is obvious that when the parameter values of two targets are equal completely, i.e.,
R t R t  holds, the energy of the cross-term is strong in (14) . And in this situation, the cross-term turns out to be the auto-term and the parameter estimates can be obtained. However, when
, the coupling between a t and f cannot be eliminated, thereby defocusing the energy of cross-term and reducing the amplitude of output signal greatly. The detailed analysis can be referred to Appendix A. According to the analysis above, the auto-terms corresponding to the targets turn out to be the distinct points, whereas the cross-terms generated by different targets are still distributed on the LVT plane. Their energy can be ignored compared to the peaks of auto-terms. That is to say, the cross-term is relatively suppressed since LVT greatly strengthens the energy of the auto-term instead of suppressing the cross-term directly.
C. Analysis of SNR
It is necessary to analyze the output SNR after the sub-band dual-frequency conjugate processing to characterize the performance of the pre-processor. In the absence of noise, i.e., . As a result, the output SNR is defined as [27, 28]       
D. Analysis of Accuracy
Although the proposed SDFC-LVT is an accurate parameter estimation method without any searching, it also inevitably suffers from representation errors in the presence of noise. The performance of parameter representation is usually evaluated by a perturbation analysis method [19, 22] . In the presence of signal plus noise, the received signal can be written as the sum of a useful term Then the signal after the sub-band dual-frequency conjugate processing is decomposed as
comp cross
After LVT operation in the azimuth direction, we can obtain
The result of the perturbation analysis in [19] 
where q is the number of sampling points of a constant time-delay.
The detailed flowchart of the proposed method is illustrated in Fig.3 . Fig.3 . the flowchart of the proposed method.
IV. Experimental results
In this section, some results with simulated and real data [29] are presented to validate the proposed parameter estimation algorithm.
A. Simulated Data
First, echoes of two targets with high speed and low speed respectively are generated to prove the validity of the proposed method. The parameters of targets and the simulated parameters are listed in Pulse repetition interval (us) 500
Coherent integrated pulses 2048 Fig.4 shows the result of the proposed SDFC-LVT. Fig. 4(a) shows the trajectory of the new 13 synthetic signal after range compression. It is obvious that the signal energy of two targets spreads over several range cells. We perform Keystone transform to correct the range cell migration (RCM) and obtain the result in Fig. 4(b) . It is observed that the RCMs of two targets are eliminated effectively.
After LVT, as shown in Fig. 4(c) , the targets are well focused. As shown in Fig.5 and Fig.6 , the performance of the proposed SDFC-LVT method is not as good as that of the sRFT method because the cross-term results in the degradation of the performance with the decreasing of SNR for the proposed method, however, its performance is still acceptable in realistic applications [32] . In addition, the proposed SDFC-LVT method can simultaneously estimate the parameters of slow and fast moving targets precisely. Since the sRFT method needs three-dimensional searching while the SDFC-LVT method is search-free and can be easily implemented by using the complex multiplications and FFT based on the scaling principle, the SDFC-LVT method has much lower computation complex. Based on above analysis, we know that, compared to the sRFT method, the proposed SDFC-LVT method obtains a good balance between the computational cost and the estimation performance, making it more suitable for realistic applications.
B. Real Data
Part of the RADARSAT-1 Vancouver scene data were selected to verify our proposed method and analysis. The system parameters of these data are given in TABLE 3 and the proposed procedure is performed on the selected target (labeled in the Fig. 7(a) ). Fig. 7(b) shows the result of new synthetic signal after range compression, from which it can be seen that the large RCM exists in the plane. Fig.   7 (c) shows the result after Keystone transform, from which it can be seen that the large RCM is eliminated completely. After LVT, as shown in Fig. 7(d shown in Fig. 7(e) , from which it can be seen that the large RCM is removed completely. The result of applying Keystone transform on the received signal after range compression directly is shown in Fig. 7(f), from which it can be seen that the large RCM cannot be eliminated completely because of the velocity ambiguity.
It can also be concluded that the proposed SDFC-LVT method can avoid the influence of Doppler ambiguity on Keystone transform and LVT estimator. 
As seen in (28A), the envelope of 1 ( , ) a P t f along the approximate straight-line
 has a triangular shape varying with f . Using the Fourier transform of triangular function and performing IFFT on (28A) with respect to f yields
Then performing IFFT on (28B) with respect to f yields 
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